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A MIXED-MODE FUEL INJECTOR WITH A MICRO VARIABLE CIRCULAR ORIFICE 

■ 

DESCRIPTION 



[Para 1 ] 



BACKGROUND OF THE INVENTION 



between a 



1 . Field of the Invention - The invention relates to a mixed-mode fuel Injector 
with a mlcLo-varlable-circular-orlfice (UNCO) and homogeneous atomlzation, and 
particular! to a fuel injector for a direct injection internal combustion engine, which may be 
either a spjark-ignltion gasoline engine or a compression-Ignition dlesel engine. The current 
invention i s focused on the nozzle part of the fuel Injector. The fuel injector is a high- 
accuracy luple of components composed with a needle and a nozzle body, which system 
has a mlcjo-variable-clrcular-orlfice (MVCO) composed of a variable circular aperture 

needle and a nozzle body and multiple-micro-channels on the inner conical 
surface close to the tip of the nozzle body, therefore it Is capable of generating variable 
mixed-mode sprays composed of conical and multiple-jet shapes, which form a major 
homogeneous conical spray a, low engine load, and mixed-mode sprays composed of 
conical and mu.tiple-Jet at high loads. The mixed-mode sprays ensure homogeneous fine 
atomlzation and sufficient penetration simultaneously. 

[Para 2] 2 Description of the Related Ar, - The combustion process in a conventional 
direct injection Diesel engine is characterized by diffusion combustion with a multiple-hole 
fuel injector. Due to its intrinsic non-homogeneous characteristics of fuel-air mixture 
formation, it is contradictory to simultaneously reduce soot and NOx formation In a dlesel 
engine. Over the years, significant progress has been made for Diesel engine combustion 

... a 77o cft7 230 683) but further reducing emissions from 
(United States Patents No. 4,779,587, 5^:su,ob:>;, out. 
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Diesel engines ,o address « upcom.ng em.ss.on <egls.at.ons st.l. remains a chaMenge. 
Regress has been made In recen, years for the research of Homogeneous-Charge 
CompressL-.gn.tlon (HCC.) combustion engines. However. It .s st... a challenge to find a 
practical alproach to contro. the ign.tion tlm.ng. the duration of combust,on. the rate of 
combustion for HCC1 eng.ne for various .oad conditions. Current contro. strategies, such as 
US Patent L 6.230.6SB. are effective but very complex and w,M Increase *e cost for 
appncatlol. It seems more a viable so.ut«on to operate eng.ne In a mixed-mode, or ,n HCC. 
m ode or cLse to HCC, mode at .ow to med,um .oad. and operate eng.ne .n convent,ona, 
s pray comlustlon mode at h.gh ,oads for the near future. ,. wou.d be desirab.e to des.gn a 

T «,,rh mixed-mode combustion, at least provide most 

fuel Iniectir which can accommodate such m.xeo mooe 

features nleded by optimal engine combustion. 

[Par a 3] To improve combustion at the full .oad range, fine atom.zat.on with accurate 
ontro, of doses and dm.ng are needed. A well-Known current art for Improving a,omiza*,on 
l5 to Increase the number of ho.es of nozz.es and decrease the d,meter of nozz, ho,es 
and use pLo actuators and h.gh common ra., pressure (Un.ted States Patents 6.726,121. 
6 557 779) such as BOSCH'S piezo-injector with coax.a.-var.o-nozzle (Roger Busch, 

se. Common Rail .nJeCon System for future E m,ss,on Ration, p- 200.. 
Ich an approach, whi.e effective for improving atomizatlon and combustion. ,t does, at the 



same time, mandate a very comp.ex structure and a much higher rail pressure, thus 
increase the power needed for fuel pump and manufacture cost of fuel system, and 
ZZ tie potent* ris* of fuel leaxing. Our objective is to design a fue, injector with 
Zgen «ous one atom.zat.on w,th sufHCent penetration for f u,. ,oad ranges without the 
strict requirement for high rail pressure. 
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SUMMARY OF THE INVENTION 

[Para 4] This Invention provides a novel design of a fuel injector, more specifically a 
novel nozzle injection structure with a micro variable circular aperture and micro-channels 
to reduce pressure loss In the injector channel and compose a homogeneous initial fuel 
distrlbutioL. The mixed-mode fuel injector can generate a homogeneous fine atomlzation 
with sufflc Lt penettation without relying on excessive high rail pressure. The fuel injector 
,s a high-accuracy couple of components with a needle and a nozzie body, which system 
has a micro-varlable-circular-orfflce (MVCO) composed of a variable circular aperture 
between nLle and nozzie body and multiple micro-channels on the inner conical surface 
Cosing to the nozzle body tip. therefore It is capable of generating variable mixed-mode 
sprays of L.cal and multiple-Jet shapes, with a malor circular* homogeneous conical 
spray at 1 to medium engine loads, and mixed-mode sprays composed of a conical spray 
and multiie-jets at high loads. The mixed-mode-spray ensures homogeneous atomlzation 

and sufficient penetration simultaneously. 

This invention has following major merits: (1) Due to the fact that the micro- 



[Para 5] 



variable-c 
holes, thuk 



rcular-orifice (MVCO) is equivalent to a connection of infinite number of micro 
this fuel injector can form a variable micro aperture for flne atomlzation and 



ensure hi fuel injection rate simultaneously. It enables using a mlcro-need.e-lift needle, 
which is desired for working with a plezo actuator or hydraulic pressure amplifier to 
accurately control the fuel injection dose and atomlzation quality and give a much shorter 
response time. (2) The special design provides a homogeneous fine atomization at .ow to 
medium loads, thus It is favorable for HCC, combustion mode, and provide fine atomizabon 
and sufficient penetration * high engine loads, thus it ensures engine power output. The 
va^lng ml cro-variable-c«rcular-or,fice (MVCO) feature can provide different size of the 
injection area, thus can provide different fuel atomization rate and SMD (Sauter Mean 
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Diameter) based on the need for optimal combustion for different load and speed 
conditions. (3) Since the micro-variable-c.rcular-orif.ce (MVCO) keeps varying during the 
fuel inject on process, the needle has a self-cleaning effect, that Is, it is more robust for 
e.iminatinl clogging. This feature has more merits than traditional multi-hole nozzle, which 
is easy to Let clogged and have heavy injection pressure loss when the injection hole is too 
small. Thif fuel injector provides a key device for meeting the current and future engine 
emission regulations. (4) The special design of the flow channel in the injector reduces 
pressure loss comparing with a conventional multi-hole nozzle. The MVCO can produce fine 
atomizati with much smaller SMD (around 1 0 pm) with rail pressure under 1 OOMPa. (5) 
Given maJy desirable features for combustion, this fuel injector also has a relatively simple 



structure, 
improving 



thus can save the manufacturing cost and provide a cost effective solution for 

» 

engine combustion. 



BRIEF 
[Para 6] 



DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a fragmentary sectional view 



of a first exemplary embodiment of an 



[Para 7] 



injector oijthe invention; 

FIG. 2 is an amplified fragmentary sectional view of FIG. 1 for the micro- 

varlable-cjrcular-orifice (MVCO); 

• ~f cir- i for rh*» micro-variable-circular-orifice 
[Para 8] FIG. 3 is a bottom-up view of FIG. 1 tor the micro 



(MVCO); 
[Para 9] 
by the em 

[Para 10] 



FIG. 4 is an illustration of the mixed-mode conical-multiple-jet spray generated 
iodiment of the fuel injector illustrated in FIG. 1 ; 

FIG. 5 is a fragmentary three-dimensional view of the fuel injector in FIG. 1 ; 
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[Para 1 1] In all the figures, 1 - needle; 2 - needle sealing surface; 3 - needle head; 4 - 
micro-varikble-circular-orifice (MVCO) (including a circular aperture and micro channels); 5 

- nozzle body; 6 - micro fuel channels; 7 - tip surface of the nozzle body; A - up-rim of 
the needle head; B - the intersection of the needle head and tip surface of nozzle body; C 

- conical Jurface at the tip surface of the nozzle body; D - inner hole of the tip of the 



nozzle body. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[Para 1 2] The fuel injector is a high-accuracy couple of components with a needle (1 in 
FIG. 2), wich has a opening and a biased closing position, which is movable back and forth 
and receivLd in a nozzle body (5 in FIG. 2) axially counter to the prestressing force of a 
nozzle spring that is received in a nozzle spring chamber, and which system has micro, 
variable-c 



between n 



rcular-orif.ce (MVCO) (4 in FIG. 2) composed of a variable circular aperture 
eedle (1) and nozzle body (5) and multiple micro-channels (6) on the inner 



conical surface (C) dosing to the nozzle body tip (FiG.l , F.G.2, FIG. 3), therefore it is capable 
of generating variable mixed-mode sprays of conical and multiple-jet shapes (FIG. 4). with 
a major ciL.ar.y homogeneous conical spray at low to medium loads, and variab.e mixed- 
mode fuel! sprays at high loads to ensure homogeneous atomization and sufficient 
penetratiojn simultaneously. 

[Para 1 3] The said mixed-mode fuel injector, wherein the needle lift is micro-motion with 
a range of 40-200um, the included angle of the sealing surface (2) at the nozzle body is 
between 50-70 degree, the needle head diameter (d 3 ) is between 0.8-3.5mm, the angle 
between the centerline of the nozzle body and the inner conical surface (C) at the nozzle 



body tip is in the range of 40-75 degree. 
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[Para ,4] The said mixed-mode fuel Injector (FIG. 2). wherein close «o the tip surface (7) 
of nozzle body there Is a conical surface (O, which Is a smooth surface, the conical surface 
can be a single conical surface, or can be an lnte fl rated conica, surface composed with two 
or more crlnical surfaces with different conica, angles, or a diverging curve surface, the 
upper rlmk) of the needle head (3) Is merged In the tip surface <7) of the nozzle body 
during thefneedle lifting, the needle head (3) can be partially or wholly merged in 
surface <7> of the nozzie body during the need.e lifting, when the needle Is iifted, fuel ,s 
ejected through the aperture <4> between the needle head and conical surface CO of the 

nozzle body. ,- s 

m -. . /c . r ->\ wherein close to the tip surface (/) 

[Para 1 S] The said mixed-mode fuel injector (FIG. 2), wherein cio 

of nozzle body there is a conical surface (O. the conica. surface can be a sin g ,e conica. 
surface, or can be an integrated conica. surface composed with two or more cornea, 
Ties with different conic, angles, or a divert curve surface, the conica, surface .ose 
to th e need,e is a surface with -pie micro-channe.s (6) with the shape of semi-circ.e, 

, , vaon s or arcs or with helical micro-channels, the upper r,m 
triangle, trapezoid or other polygons, or arcs, or 

, . tho , in «. ur face (7) of the nozzle body (5) during the 
(A) of the needle head (3) is merged in the tip surface (7) 

' u Jip head can be partially or wholly merged in the tip surface (7) of the 
needle lifting, the needle head can oe p«uL.a y 

Tzzle bo y during the need, lifting, when the needle is Hfted. fuel is injected through the 
ITa e a Lre between the needle head and conlca, surface <C> of the nozz.e body ue, 
72 injected through the multiple micro-channels (6, the upper surface of the needle 
' head (3) aid the conica, surface (C) serve as guiding surfaces for sprays. 

[Para , 6] The said mixed-mode fuel Injector, wherein the fuel channel between the 
needle he) d (3, and conica, surface CO of the nozzle body Is of converging diverging 
oozzle snipe, there are smootfr connections along the corners of the fuel channei. due 
micro-needle-llft of the needle, the lifted minimum dimension of the aperture of the 

Page 6 of 1 8 



during the 



[Para 1 7] 



channel is in the range of 30-1 20Mm, the minimum aperture is at the sealing surface (2) 
during the early stage of fuel injection, the minimum aperture is at the needle exit 
injection-qross-section (4) or at the sealing surface (2), depending on a specific design, 

middle stage of fuel injection, and the minimum aperture is at the sealing 
surface agkin during the late stage of fuel injection, during all fuel injection stages, the 
minimum aperture is less than 1 20 pirn, thus ensures fine atomization during all fuel 
injection sjtages. 

The said mixed-mode fuel injector, wherein the depth of conical surface (C) 
close to thje nozzle exit is between 0.1 5-3mm, the conical angle of conical surface (C) is 
between 8p-l 50 degree. 

[Para 1 8] The said mixed-mode fuel injector (FIG. 1 , FIC2), wherein there are 5-1 8 
micro-channels (6) with the cross-section shape of either semi-holes with the diameters in 
the range of 50-300pm, or other shapes as described above with the maximum dimension 
between 5b-400Mm (i.e., the geometric cross section of such a channel can fit in a circle 
with a diameter of 50-400nm), the sizes of these micro-channels can be the same or 
varying depending on specific needs of atomization, these micro-channels can be 
homogeneously or non-homogeneously distributed on the conical surface(C). 
[Para 19] The said mixed-mode fuel injector, wherein at low to medium engine loads, 
fuel is mainly injected from the variable circular aperture between the needle head and 
nozzle body, thus mainly forms a conical shape spray, while at high loads, fuel is injected 
through both the variable circular aperture between the needle head and nozzle body and 
the micro-channels (6) on the conical surface(C), fuel forms mixed-mode conical-multiple- 
jet shape sprays (FIG. 4), thus ensures both fine atomization and sufficient penetration. 
[Para 20] The said mixed-mode fuel injector, wherein the angle between the centerline of 
the conical surface (C) and the centerline of the nozzle body (5) is between 0-1 5 degree, 
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s 



depending on the angle between the centerKne of the fuel injector and the centerllne of the 
| piston in the engine cylinder. 

' ' The said mixed-mode fuel injector, is intended but not limited to direct 

esel engines, direct injection gasoline engines, or other direct injection 
fuel engines, it is intended for mechanical, electro-mechanical, piezo fuel 
or fuel injectors with hydraulic pressure amplifiers. 

For small direct injection diesel engines, the major dimensions for the mixed- 



[Para 21] 

injection d 
alternative 



injectors, 
[Para 22] 
mode fuel 



a * n s mm- di - d 2 = 0.3 - 0.8 mm; d 3 = 0.8 - 2.5 mm; the 
injector are: di = 3.0 - 5 mm, cn u 2 

- • ■ a in l 8 urn- the included angle at sealing surface at 
diameter df nozzle body hole - d 3 = 1 0 - 1 8 um, tne 

-ji a lift ranae = 30 - 200 um; the cone angle of the 
nozzle body = 50 - 75degree; the needle-lift range 

conical surface a, the tip of nozzle body - , . 0 , , 50 degree; the number of micro channel, 
on me conica, surface <C = 6 - , 8; the maximum dimension of the micro channel (6) - 

-. 300 nm. ; r 
[Para 23] For medium size direct injection diesel engines, the major dimens.ons for the 

■ jt Rmm - dl -d 2 = 0 4-0.8mm; d 3 = 1 0 - 3.0 mm; 
mixed-mode fuel injectors are: dl = 4 - 6 mm, d, d 2 

! . , ^ m - nn - 1 50 degree; the maximum 

rpara 24] ! The cone angle of the conical surface (O - 1 30 150deg 

dimension of the micro channels (6) = SO - 400 „m; other parameters are simi.ar to small 
diese, eng'nes. The rail pressure for the said mixed-mode fuel injector Is about 800 - 
har, while higher is better. It Is not reguired for fine atomizadon. The open pressure ,s 
above 240 bar. 

[P ara 25] 1 For direct injection gasoline engines, the major dimensions for the m.xed- 

a ^ s S mm- d, - d 2 = 0.4 - 0.8 mm; d 3 = 1 .0 - 2.5 mm, the 
mode fuel injectors are: d! = 3.5 - 5.5 mm, ai 

r tr-\ _ 7H - i 30 dearee: the included angle at sealing 
cone angle of the conical surface (C) = 70 - l 30 aegree, ir 

. u a 70 dearee. The open pressure of injector for gasoline engine 

surface at nozzle body = 50- 70 degree. n« « H 

> * 

is about 50-1 00 bar. 
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[Para 26] The said mixed-mode fuel injector, is intended for but not (United to interna, 
combustion engines. The outer surface of the nozzle body can be of cyKndrical, conical, or 



converging -diverging shape. 
[Para 271 | The people who are 
make minor changes to the nozzle structure 
micro-channels or adding spirals on the needle head or on the conical surfaced) of the 
nozzle body, these minor changes are within the scope of this invention. 



familiar with the art of the field will find that it's easy to 

following the same invention, such as adding 
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What Is claimed is: 
[Claim 1] 1 - A mixed-mode fuel injector with a micro-variable-circular-orifice 

(MVCO) and homogeneous atomization, which belongs to fuel injection devices 
of internal combustion engine, the fuel injector is a high-accuracy couple of 
components with a needle, which has an opening and a biased Cosing position, 
which is movable back and forth and received in a nozzle body axial.y counters 
to the pre-stressing force of a nozzle spring that is received in a nozzle spring 
chamber, which system has a micro-variab»e-circu.ar-orif,ce (MVCO) composed 
of a circular aperture between needle and nozz.e body and multiple micro- 
channels on the inner conical surface closing to the nozz.e body tip. therefore it 
is capable of generating variable mixed-mode sprays of conical and conical- 
• multiple-jet shapes, with a major circularly homogeneous conical spray at low 

to medium loads, and variable mixed-mode conica.-multi-jet sprays at high 
' ,oads to ensure homogeneous atomization and sufficient penetration 



simultaneously. 



lda.m 2] 2. The mixed-mode fuel injector of claim 1 , wherein the needle lift is 
micro-motion with a range of 40-200 M m, the included ancle of the sealing 
surface at the nozzle body Is between 50-70 degree, the needle head diameter 
is between 0.8-3.5mm, the angle between the centerllne of the nozzle body 
end the inner conical surface a, the nozzle body tip Is in the range of 40-75 



degree. 



[Claim 3] 3. The mixed-mode fuel injector of claim 1 , wherein close to the tip 

surface of nozz.e body there Is a conical surface, which is a smooth surface, the 
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comca, surface can be a s.ngle conlca, surface, or can be an Integrated co nl ca. 
surface composed with two or more conical surfaces w,th d.fferen« conical 
I ang.es. or a diverging curve surface, the upper r,m of the Head of the need.e ,s 
m erged In the tip surface of the nozzle body during the needle MUng. the 
need,e head can be partlaHy or who,.y merged In the t,p surface of the nozzle 
bod y during the need.e lifting, when the need.e ,s lifted, fuel is Injected through 
t he variable aperture be M een the need.e head and con.ca, surface of the nozzle 



body. 



[C.a 



41 4. The m,xed-mode fuel Injector of Calm , . wherein close to the tip 

single conica, surface, or can be an Integrated conical surface with two or more 
conical surfaces with different conlca, angles connected together, or 
curve surface, the con.ca, surface Cose to the needle has multiple micro- 
channe.s with the cross section shape of semi-clrcle, triang.e, trapezoid or 
other polygons, or arcs, or with hellcal micro-channels, the upper rim of the 
head If the needie is merged in the tip surface of the nozzle body during the 
needle lifting, the needle head can be partial* or who..y merged in the tip 
surf aee of the nozzle body during the needle lifting, when the needle ,s lifted. 
fue , is injected through the variable aperture between the needle head and 

m ,cro-channe,s. the upper surface of the needie head and the conlca, surface*) 
serve as guiding surfaces for sprays. 
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[Cla.m 5] 5. The mixed-mode fuel Injector of claim 1 . claim 3, or claim 4, wherein 
the fuel channel between the needle head and conical surface of the nozzle 
body is of converging-diverging nozzle shape, there are smooth connections 
along the corners of the feel channel, due to micro-needle-lift of the needle, 
I the lifted minimum aperture of the channel is in the range of 30-1 20pm, the 

minimum aperture is at the seeing surface during the early stage of fuel 
, injection, the minimum aperture is at the micro-variable-clrcular-orifice 
' (MVCO) or at the sealing surface, depending on a specific design, during the 

middle stage of fuel injection, and the minimum aperture Is at the sealing 
: surface again during the .ate stage of fuel injection, during all fuel injection 
I stages, the minimum aperture is less than , 20 pm, thus it ensures fine 
j atomizatlon during all fuel injection stages. 

■ 

[dim 6] 6. The mixed-mode fuel Injector of claim 1. wherein the depth of con.ca. 
1 surface Cose to the nozzle exit Is between 0., S-3mm, the conical angle of the 
conical surface is in the range of 80-1 50 degree. 

rcla.m 7j 7. The mixed-mode fuel injector of Calm 1 or Calm 4, wherein there are 
5-, 8 micro-channels with the cross-section shape of either seml-cirCes with 
the diameters in the range of 5 0-300pm. or o*er shapes as described in c.a,m 
4 with *e maximum dimension between 5 0-400pm. the sizes of these micro- 
channels can be the same or different depending on specific needs of 
atomizatlon, these micro-channels can be homogeneously or non- 
homogeneously distributed on the conical surface. 
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[Claim s] 8. The mixed-mode fuel injector of daim 1 or claim 4, wherein at low to 
medium engine loads, fue. is mainly injected from the variable circular aperture 
between the needle head and nozzle body, thus it mainly forms a conical shape 
spray, while at high loads, fuel is injected through both the variable circuiar 
aperture between the needle head and nozzle body and the micro-channels on 
the conical surface(C), fuel forms a mixed-mode conical-multiple-jet shape 
spray, thus it ensures both fine atomization and sufficient penetration. 

[dim 9] 9. The mixed-mode fue. injector of claim 1, claim 3 or claim 4, wherein 
the angle between the centerline of the conical surface and the centerline of the 
nozzle body is between 0-1 5 degree, depending on the angle between the 
centerline of the fuel injector and the centerline of the piston in the engine 
cylinder. 

[Jim 1 0] 1 0. The mixed-mode fue. injector of daim , , daim 3 or daim 4, is 
1 intended for bu, no. limited to direct injection diese, engines, direct injection 
' ga soline engines, or other aiternative fue. direct injection engines, it is intended 

for mechanicai, e.ectro-mechanica,. p.ezo fue, injectors, or fue, injectors with 
| hydraulic pressure amplifiers. 

[Claim 1U 11- The mixed-mode fuel injector of claim 1 . daim 3 or claim 4. 

wherein the outer surface of the nozzie body can be of cyhndrica,. conical, or 
converging-diverging shape. 
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[Claim 12]12. The people who are familiar with the art of the field will find that .t s 
easy to make minor changes to the nozzle structure following the same 
invention, such as adding micro-channels or adding spirals on the needle head 
or the conical surface(C) of the nozzle body, these minor changes are within the 



scope of this invention 
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ABSTRACT 

The invent on relates to a mixed-mode fue. injector W ,tb micro-vanab.e--c.rcular-orif.ee 
<MVCO, anl homogeneous atomization, wbicb be.on 9 s to fue. Injection devices of interna, 
combust! engine. The fue, injector is a h.gh-accuracy coup.e of components w*h a 
needle an< a nozz.e body, «h,ch system bas a MVCO composed of a m,cro-var,ab,e-c,r u,ar 
aperture bLeen the needle and tbe nozzle body and multip.e-micro-channels on the inner 
conical JL close to tbe tip of tbe nozzle body. It is capable of generating variabie 
m,xed-mole sprays of conical and mu.t,-Je, sbapes. wKh a major homogeneous con.ca, 
spray at I to medium ioads. Tbe mixed-mode Injector ensures bomogeneous f.ne 

1*4 - simu,rancous,Y - The ,njector wit ^ rtrr 

features desired for mixed-mode combustion of HCC, and conventional d.rect paction 
engines. 
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A MIXED-MODE FUEL INJECTOR WITH A MICRO VARIABLE 
CIRCULAR ORIFICE 



As the bslow named inventor, I declare that: 



Thls dec aration Is directed ,o ,he .nverrton «,ed: • A MIXED-MODE FUEL INJECTOR WITH 
AMICFWp VARIABLE CIRCULAR ORIFICE 

that I am the original and firs, Inventor o, the suh)eot maher which Is Calmed and for 
latent is sought; 



I believe 
which a 



' m ten H thP rontents of the above-identified application, including the 

Sli— SEEM? - <™ 

, acknowledge the duty to ^^X^ ^^"^ ^S^^l 
information known to me » bematenat » g» whloh ^ available between the' 

lOT^JO^ « PCT ,nterna " ona ' fl "" 9 

continuation-in-part application. 

All statements made herein of my knowtedge arejrue all made 
formation and belief are believed tobetnje, njrar e r^ unishabte by fine or 

application or any patent issuing thereon. 
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Figure 5 
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